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Abstract 
The abso lu te  c r o s s  s e c t i o n s  f o r  the product ion of N+ and N2+ have been 
measured from t h e  d i s s o c i a t i v e  ion iza t ion  th re sho ld  t o  115 8. I n  
a d d i t i o n ,  t h e  abso lu te  photoabsorption and pho to ion iza t ion  c ros s  s e c t i o n s  
are t abu la t ed  between 1 1 4  and 796 8. The i o n i z a t i o n  e f f i c i e n c i e s  a r e  
a l s o  given a t  s e v e r a l  d i s c r e t e  wave l eng ths  between 660 and 790 b .  The 
product ion  of N+ fragment ions a r e  discussed i n  terms o f  t h e  doubly exc i t ed  
N2+ s t a t e s  w i t h  binding ene rg ie s  i n  t h e  range 24 t o  44  eV. 
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INTRODUCTION 
The first measurement of d i s s o c i a t i v e  pho to ion iza t ion  of N2 and o t h e r  
small molecules appeared i n  1 959. These measurements covered t h e  wave- 
l e n g t h  range from 400 t o  800 1. 
fragment was 24.3 f 0.2 eV. From the s p e c t r o s c o p i c  values  of t h e  d i s s o c i a -  
The quoted appearance p o t e n t i a l  of t he  N+ 
t i o n  energy of N2 and t h e  i o n i z a t i o n  p o t e n t i a l  of atomic n i t rogen  the  
t h r e s h o l d  f o r  producing N+ + N is 24.29 eV. 
made t h e i r  appearance a t  t h e  threshold f o r  d i s s o c i a t i o n  o f  t he  lowest N2+ 
e l e c t r o n i c  s t a t e .  Numerous e l e c t r o n  impact experiments on d i s s o c i a t i v e  
i o n i z a t i o n  of N2 have been performed, w i t h  t h e  d i s c u s s i o n  of t h e  mechanism 
f o r  d i s s o c i a t i o n  c e n t e r i n g  around the p r e d i s s o c i a t i o n  of the C 21u+ e lec -  
t r o n i c  s t a t e  of N z . ~ ' ~  S u r p r i s i n g l y ,  however, few measurements of d i s so -  
c i a t i v e  pho to ion iza t ion  have been made on N 2  du r ing  the  in t e rven ing  years. 
I n  1973 a s i n g l e  measurement was made a t  304 1 by F r y a r  and Browning.6 I n  
197'6 Kronebusch and Berkowitz7 made measurements a t  s e v e r a l  d i s c r e t e  wave- 
l e n g t h s  between 304 and 490 8.  
i e d  t he  th re sho ld  r eg ion  i n  g r e a t  d e t a i l  by u s e  of continuum synchrotron 
r a d i a t i o n .  However, no comprehensive s t u d y  of d i s s o c i a t i v e  i o n i z a t i o n  over 
an extended energy range has been made except by t h e  method o f  ( e ,  e + i o n )  
spectroscopy. Tha t  is, o p t i c a l  o s c i l l a t o r  s t r e n g t h s  are der ived by meas- 
u r i n g  the  i n e l a s t i c  s c a t t e r i n g  i n t e n s i t i e s  of fas t  e l e c t r o n s  ( -  keV) de- 
t e c t e d  i n  coincidence with t h e  fragment ion o f  i n t e r e s t .  These r e s u l t s  
w i l l  be compared w i t h  t h e  p re sen t  data.  
Thus  it was shown t h a t  N+ ions  
More r e c e n t l y ,  Morioka - -  e t .  a18,9 have s tud-  
The t o t a l  pho to ion iza t ion  cross  s e c t i o n s  used i n  t h e  p re sen t  work are 
based upon those p u b l i s h e d  g r a p h i c a l l y  by Samson -- e t  a l . l l  b u t  w i t h  some 
a d d i t i o n s ,  c o r r e c t i o n s ,  and smoothing o f  t h e  data. 
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EXPERIMENTAL 
The experimental  d e t a i l s  have been r e p o r t e d  i n  p rev ious  publ ica-  
t i o n s . f 1 - l 4  B r i e f l y ,  a t ime-of-f l ight  (TOF) mass spectrometer  was used i n  
con junc t ion  w i t h  synchrotron r a d i a t i o n  from the  s t o r a g e  r i n g  a t  t h e  Physi- 
c a l  Sciences Laboratory a t  t he  Un ive r s i ty  of Wisconsin. The TOF mass spec- 
t rome te r  was designed t o  observe e n e r g e t i c  fragment i o n s  i n  t h e  range 0 t o  
20 eV w i t h  l i t t l e  o r  no discr iminat ion.12 
s u f f i c i e n t l y  h i g h  e x t r a c t i o n  f i e l d  i n  t he  i o n i z a t i o n  r eg ion  of t h e  mass 
spectrometer  and using a l a r g e  40 mm diameter channel e l e c t r o n  m u l t i p l i e r  
array t o  d e t e c t  the ions.  
T h i s  w a s  achieved by providing a 
I n  a sepa ra t e  experiment we measured the k i n e t i c  ene rg ie s  of the  ion 
fragments by use of a c y l i n d r i c a l  e l e c t r o s t a t i c  energy analyzer  and undis- 
persed synchrotron r a d i a t i o n  from Tantalus .  The e f f e c t i v e  wavelength band- 
pass was from the N +  t h re sho ld  a t  510 1 t o  about 80 8 ,  which covers  t h e  
s p e c t r a l  r eg ion  of t h i s  i n v e s t i g a t i o n .  The ion energy spectrum is shown i n  
F ig .  1 .  The large peak a t  zero energy is caused mainly by N2+ ions.  From 
t h e  Fig.  we can see t h a t  t h e  e n e r g e t i c  N+ i o n s  have a t o t a l  energy spread 
of 0 t o  8 eV, with most ions having ene rg ie s  between z e r o  and 2 eV. Thus, 
t h e  design features of t h e  TOF a r e  more than adequate t o  analyze t h e  ener- 
g e t i c  i ons . ,  
The d a t a  obtained from t h e  t ime-o f - f l i gh t  mass spectrometer were ana- 
lyzed by the  branching r a t i o  method. That i s ,  t h e  c r o s s  s e c t i o n  Uj, f o r  a 
s p e c i f i c  d i s s o c i a t i v e  i o n i z a t i o n  p rocess  t h a t  produces t h e  fragmentat ion j 
is given by 
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where the  term i n  the  square bracke ts  is t h e  branching r a t i o ,  Nj(X) is t h e  
number of  ions  of t y p e  j ,  and a t ( A )  is the  t o t a l  phc tc ion iza t ion  cross 
s e c t i o n .  Measurements were made between 300 1 and the  N+ th reshold .  
The remaining data were t aken  i n  our Laboratory by use of  a magnetic 
s e c t o r  mass spectrometer .  However, a l l  ins t ruments  of t h i s  t y p e  (narrow 
e n t r a n c e  and e x i t  slits) d i sc r imina te  a g a i n s t  i ons  of  d i f f e r e n t  k i n e t i c  
ene rg ie s .  To avoid t h e  major problem of  ion d i sc r imina t ion  w i t h  t h i s  mass 
spec t rometer  we d i d  not  measure t h e  branching r a t i o s  of d i f f e r e n t  ions.  
I n s t e a d  t h e  r a t i o  of the number of  N2+ i ons  t o  t h e  i n t e n s i t y  of t h e  ioniz-  
i n g  r a d i a t i o n  was measured a s  a func t ion  of  wavelength. 
t h e  i n c i d e n t  r a d i a t i o n  was measured wi th  a cal ibrated e l e c t r o n  m u l t i p l i e r .  
With t h e  low p res su re  used i n  t h e  ion  chamber t h i s  r a t i o  of  ions/pho- 
The i n t e n s i t y  o f  
t o n  is d i r e c t l y  p ropor t iona l  t o  the  photo ioniza t ion  c ros s  s e c t i o n  f o r  N2+ 
product ion .  These r e l a t i v e  c r o s s  s e c t i o n s  were then  placed on an a b s o l u t e  
bas i s  by normalizing them t o  t h e  data obta ined  a t  304 8 w i t h  t h e  TOF mass 
spec t rometer .  The agreement i n  the  over- lap reg ion ,  304 t o  450 8 ,  was 
e x c e l l e n t .  By s u b t r a c t i n g  o(Nz+), the  photo ioniza t ion  c ros s  s e c t i o n  f o r  
N2+ product ion,  from the  t o t a l  i on iza t ion  c r o s s  s e c t i o n  ai(T0TAL) we o b t a i n  
t h e  c r o s s  s e c t i o n  f o r  producing N+ and any doubly ion ized  fragments t h a t  
are p resen t .  Th i s  resu l t  is completely independent of  t h e  k i n e t i c  e n e r g i e s  
o f  t h e  fragments.  
The sample gas, suppl ied  by the Matheson Co., was used without  f u r t h e r  
p u r i f i c a t i o n .  
w i t h  a p re s su re  c o n t r o l l e r .  The background p res su re  was about 1 . 4  x 
Torr  when a l i q u i d  n i t rogen  t r a p  was used on t o p  o f  t h e  i o n i z a t i o n  reg ion .  
The bandpass of the  normal incidence monochromator was about 3.3 1 (FWM), 
and about 1 I( f o r  t he  graz ing  incidence monochromator. 
The gas  p re s su re  was k e p t  cons tan t  a t  about 7 x 10-5 Torr  
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RESULTS AND DISCUSSION 
The t o t a l  and d i s s o c i a t i v e  pho to ion iza t ion  c r o s s  s e c t i o n s  of N 2  a r e  
shown i n  Fig.  2 along w i t h  t h e  t o t a l  pho to ion iza t ion  c r o s s  s e c t i o n s  ob- 
t a i n e d  by DennelS between 23.7 and 82.1 1. The v e r t i c a l  l i n e  a t  30 1 r ep -  
r e s e n t s  t h e  p o s i t i o n  of t h e  K-shell abso rp t ion  edge. The s c a t t e r  of d a t a  
p o i n t s  between 660 and 800 1 is caused by numerous d i s c r e t e  absorpt ion 
l i n e s ,  some of which p a r t i a l l y  au to ion ize .  These d a t a  were obtained by 
measuring the  t o t a l  abso rp t ion  c r o s s  s e c t i o n s  and i o n i z a t i o n  e f f i c i e n c i e s  
of N2 a t  these wavelengths. The r e s u l t s  are t a b u l a t e d  i n  Table I. The 
product  of t h e  two q u a n t i t i e s  g ives  t h e  pho to ion iza t ion  c ros s  s e c t i o n .  
Table I1 lists the t o t a l  and d i s s o c i a t i v e  pho to ion iza t ion  c r o s s  s e c t i o n s  
between 115 and 660 1 smoothed t o  r e p r e s e n t  t h e  b e s t  f i t  t o  t h e  experimen- 
t a l  p o i n t s .  The experimental  e r r o r  f o r  t h e  t o t a l  abso rp t ion  and photoion- 
i z a t i o n  c r o s s  sec t ions  is ?I 3%. For t h e  d i s s o c i a t i v e  i o n i z a t i o n  c r o s s  
s e c t i o n s  the e r r o r  is est imated a t  ?I 5%. 
A d e t a i l e d  p i c t u r e  of t h e  d i s s o c i a t i v e  pho to ion iza t ion  c r o s s  s e c t i o n  
i s  shown i n  Fig. 3,  where the  s o l i d  data p o i n t s  r e p r e s e n t  the  present  d a t a  
and t h e  open c i r c l e s  a r e  those obtained by Wight e t  a l . 1 °  us ing  the  tech- 
n ique  of d i p o l e  ( e ,  e + ion)  spectroscopy. The o v e r a l l  agreement is very 
good. 
-- 
The biggest  discrepency l i e s  between 400 and 480 1 where t h e r e  is a 
20% d i f f e r e n c e .  The c rosses  r e p r e s e n t  our data taken w i t h  t h e  magnetic 
s e c t o r  mass spectrometer.  The open t r i a n g l e s  a r e  t h e  r e s u l t s  obtained by 
Cole and Dexter16 f o r  double i o n i z a t i o n .  
which simply measured t h e  t o t a l  charge produced and t h u s  d i d  not d i s t i n -  
g u i s h  between N z 2 +  and (N+ + N+). 
o l d  f o r  producing N z 2 + ,  t h a t  is ,  a t  43.6 eV (284 l().17-20 
s p e c t r o s c o p i c  energy l e v e l  f o r  (N+ + N + )  is 38.3 e V  t h e i r  appearance poten- 
t i a l  has been measured t o  be  47.3 eV (202 1) by Brehm and DeFrenes.21 
They used an i o n i z a t i o n  chamber 
The v e r t i c a l  arrow i n d i c a t e s  t he  t h r e s h -  
Although the  
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Although the data taken with the magnetic mass spectrometer  shows 
s e v e r e  d i s c r i m i n a t i o n  a g a i n s t  ene rge t i c  i ons  it a l s o  r e v e i l s  t h e  onset '  of 
low energy ion  groups. 
t h r e s h o l d  implies  the  appearance of thermal energy N z 2 +  i ons ,  i n  accordance 
wi th  t h e  data of Cole and Dexter. Th i s  is, of cour se ,  a small q u a n t i t y  and 
does not  account f o r  t he  l a r g e  inc rease  i n  t he  d i s s o c i a t i v e  i o n i z a t i o n  peak 
a t  about  250 1 ( s o l i d  l i n e  curve) .  
Thus, t h e  increase of mass 1 4  j u s t  beyond t h e  N 2 2 +  
The gene ra l  s t r u c t u r e  of t h e  d i s s o c i a t i v e  i o n i z a t i o n  curve can be 
understood from an a n a l y s i s  of a complex group o f  weak but broad photoelec- 
t r o n  bands designated as shake-up spectra22'26, which l i e  between 23.6 and 
45 eV. This  is the  only photoelectron s t r u c t u r e  observed between 19.6 and 
400 eV. The bands have a l l  been i d e n t i f i e d  as doubly excited ~ t a t e s . 2 7 ' 3 ~  
Sambe and Ramaker27 have designated them as C 22u+ (25.3 eV), F 22g+ 
(29.0 eV>, E 22u+ (32.6 eV), G 2 Z g +  (34.3 eV), and a complex band H 
(37.8 eV) c o n s i s t i n g  of s e v e r a l  c o n f i g u r a t i o n s ,  one being assigned the 
c o n f i g u r a t i o n  H' 2Zg+ (36.8 e V ) .  
r e p r e s e n t  t h e  peak  va lues  of t h e  bands, which were taken from t h e  h igh  
r e s o l u t i o n  photoelectron spectrum of Krummacher e t  a l .  .22 
t hey  conclude t h a t  t h e  bands between 31 and 4 4  eV decay v i a  d i s s o c i a t i o n .  
I f  we assume tha t  a l l  t he  doubly exc i t ed  s ta tes  decay v i a  d i s s o c i a t i o n  then 
we would expect t h e  p a r t i a l  c r o s s  s e c t i o n s  ob ta ined  from pho toe lec t ron  
spectroscopy t o  be equal  t o  t h e  d i s s o c i a t i v e  i o n i z a t i o n  c r o s s  s e c t i o n s  
shown i n  Fig. 3 ,  less any c o n t r i b u t i o n  caused by double i o n i z a t i o n .  
The energy values  given in  p a r e n t h e s i s  
From t h e i r  data --
Krummacher e t  a l .  g ive  r e s u l t s  f o r  t h e  sum of a l l  p a r t i a l  c ros s  sec- --
t i o n s  f o r  bands between 23 and 4 4  eV as a f u n c t i o n  o f  t h e  i n c i d e n t  wave- 
l e n g t h  from 190 t o  280 8 .  If we make a comparison between the  two s e t s  of 
data a t  t h e  peak of our curve (245 8 )  w e  must consider  t h e  c o n t r i b u t i o n  of 
double i o n i z a t i o n  t o  our r e s u l t s .  From Cole and Dexter ' s  curve16 t h i s  
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amounts t o  0.3 Mb. Thus,  our  e f f e c t i v e  peak d i s s o c i a t i v e  c r o s s  s e c t i o n  is 
3.33 Mb. 
Because the data  of Krummacher e t  a l .  were ob ta ined  by mult ip  'ng i!? -c
t he i r  branching r a t i o s  by t h e  t o t a l  pho to ion iza t ion  c r o s s  s e c t i o n s  quoted 
by Cole and Dexter, which are 7% lower than o u r s  ( T a b l e  111, we must m u l t i -  
p l y  t h e i r  data by 1.07. 
the  production of a l l  the doubly e x c i t e d  States a t  245 61 i n  e x c e l l e n t  
agreement wi th  the d i s s o c i a t i v e  c r o s s  s e c t i o n .  
T h i s  g i v e s  a p a r t i a l  c r o s s  s e c t i o n  o f  3.28 Mb f o r  
The agreement between the  two s e t s  of d a t a  remains very good over most 
of t h e  range covered by Krummacher -- e t  a l . except  f o r  a few p o i n t s  a t  the 
l o n g e s t  wavelengths, where they i n d i c a t e  an e x t r a p o l a t i o n  of t h e i r  data f o r  
low energy e l e c t r o n s  was necessary.  The "photoelectron" d a t a  of Hamnett e t  
- a l .24  ex tends  the par t ia l  c r o s s  s e c t i o n s  t o  - 380 61. 
i n  t h i s  r eg ion  give r e s u l t s  f o r  t h e  F band only ( Z  i n  t h e i r  n o t a t i o n ) ,  and 
t h i s  accounts f o r  approximately 40% of t he  t o t a l  d i s s o c i a t i v e  c r o s s  sec- 
t i o n .  Presumably, c o n t r i b u t i o n s  from t h e  C ,  E ,  and G bands could account 
f o r  t h e  d i f f e rence .  Both t h e  data of Krummacher and Hamnett e t  a l .  show 
t h a t  shape resonances occur i n  t h e  p a r t i a l  c r o s s  s e c t i o n s  of t h e  H and F 
bands. The maxima of t hese  shape resonances peak  a t  approximately 48 and 
40 eV, r e s p e c t i v e l y ,  and c o r r e l a t e  w i t h  t h e  s t r u c t u r e  i n  F ig .  3. 
-
However, t h e i r  data 
--- 
Morioka -- e t  ~ ~ 9 9  have shown t h a t  the  C 21u+ s t a t e  s t r o n g l y  predis -  
s o c i a t e s  s t a r t i n g  w i t h  t h e  V I  = 3 v i b r a t i o n a l  l e v e l ,  which co inc ides  w i t h  
t h e  th re sho ld  for N+ + N production. They s e e  many a u t o i o n i z i n g  peaks ,  in  
t h e i r  N+ spectrum, covering t h e  range 480 - 510 61. 
t h e  c r o s s  s e c t i o n  was 1.5 Mb a t  485 I(, which is i n  good agreement w i t h  t h e  
p r e s e n t  data. Thus ,  it appears t h a t  most of t he  N+ production comes from 
p r e d i s s o c i a t i o n  of t h e  doubly e x c i t e d  bands and t h a t  t h e  s t r u c t u r e  observed 
i n  Fig. 3 is caused by d i s s o c i a t i o n  of the C ,  F ,  and H bands, w i t h  double 
The maximurn value of 
e 
i o n i z a t i o n  c o n t r i b u t i n g  a small amount of  N z 2 +  f o r  photon ene rg ie s  g r e a t e r  
t han  43.6 eV and some N+ beyond 47.3 eV. 
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TABLE 1.  T o t a l  photoabsorption c r o s s  s e c t i o n s  (a,> and i o n i z a t i o n  y i e l d s  ( y )  
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TABLE 2. Total photoionization cross sections (Oi) and dissociative 
I photoionization cross sections of N2 measured in megabarns 
(10-18 cm2) 


























































































































































345 14.82 12.70 2.12 540 25.30 25.30 
31 5 12.37 9.90 2.45 495 23.50 22.85 0.65 
320 12.73 10.30 2.43 500 23.50 23.15 0.35 
325 13.13 10.68 2.45 505 23.58 23.50 0.08 
330 13.55 11.11 2.44 51 0 23 83 23.80 0.03 
335 13.95 11.60 2.35 520 24.58 24.58 0.00 
340 14.38 12.20 2.18 530 25.07 25.07 
350 15.28 13.30 1.98 550 24.70 24.70 
360 16.18 14.40 1.78 
3 70 17.08 15.58 1.50 
380 18.03 16.80 1.23 
3 90 19.05 17.90 1.15 
400 20.07 19.00 1.07 
41 0 21.02 20.00 1.02 
560 23.40 23.40 
570 22.50 22.50 
580 22.40 22.40 
590 22.40 22.40 
600 22.58 22.58 
61 0 22.80 22.80 
420 21.85 21.00 0.85 6 20 23.10 23.10 
430 22.64 21.72 0.92 630 23.38 23.38 
440 23.10 22.15 0.95 640 23.66 23.66 
450 23.10 22.20 0.90 650 23.95 23.95 
460 23.05 22.05 1 .oo 660 24.20 24.20 
470 23.27 22.15 1.12 
480 23.60 22.35 1.25 
490 23.50 22.60 0.90 
FI CURES 
1. N+ i on  k i n e t i c  energy spectrum from d i s s o c i a t i v e  photo ioniza t ion  of N2 
w i t h  undispersed synchrotron r a d i a t i o n .  The e f f e c t i v e  wavelength band 
pass  was 80 - 510 8. 
N2+ ion.  
The peak a t  ze ro  energy r e p r e s e n t s  the  parent  
2. T o t a l  pho to ion iza t ion  and d i s s o c i a t i v e  i o n i z a t i o n  c r o s s  s e c t i o n s  of 
S o l i d  data po in t s  and s o l i d  l i n e s  a r e  p re sen t  data: Open cir- N2. 
c les ,  ref. 15. 
3. Di s soc ia t ive  photo ioniza t ion  cross s e c t i o n  of  N2 from 115 t o  510.3 1. 
S o l i d  data p o i n t s ,  p re sen t  da t a  taken  w i t h  TOF mass spec t rometer  (304 
t o  510 8 )  and ions/photon technique (115 t o  304 8 ) :  Crosses ,  p re sen t  
data taken  w i t h  magnetic mass spectrometer  i l l u s t r a t i n g  extreme energy 
d i sc r imina t ion :  Open c i r c l e s ,  ( e ,  e + ion)  spectroscopy,  ref.  10: 
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